Impacting an asteroid with a spacecraft traveling at high speed delivers an impulsive change in velocity to the body. In certain circumstances, this strategy could be used to deflect a hazardous asteroid, moving its orbital path o↵ of an Earth-impacting course. However, the e cacy of momentum delivery to asteroids by hypervelocity impact is sensitive to both the impact conditions (particularly velocity) and specific characteristics of the target asteroid. Here we numerically model asteroid response to kinetic impactors under a wide range of initial conditions, using an Adaptive Smoothed Particle Hydrodynamics code. Impact velocities spanning 1 to 30 km/s were investigated, yielding, for a particular set of assumptions about the modeled target material, a power-law dependence consistent with a velocity-scaling exponent of µ = 0.44. Target characteristics including equation of state, strength model, porosity, rotational state, and shape were varied, and corresponding changes in asteroid response were documented. The kinetic-impact momentum-multiplication factor, , decreases with increasing asteroid cohesion and increasing porosity. Although increased porosity lowers , larger porosities result in greater deflection velocities, as a consequence of reduced target masses for asteroids of fixed size. Porosity also lowers disruption risk for kinetic impacts near the threshold of disruption. Including fast (P = 2.5 hr) and very fast (P = 100 s) rotation did not significantly alter but did a↵ect the risk of disruption by the impact event. Asteroid shape is found to influence the e ciency of momentum delivery, as local slope conditions can change the orientation of the crater ejecta momentum vector.
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These results emphasize the need for asteroid characterization studies to bracket the range of target conditions expected at near-Earth asteroids while also highlighting some of the
Introduction 1
Asteroids posing a threat to Earth may be deflected o↵ of an Earth-impacting trajectory 2 by stando↵ nuclear bursts (Bruck Syal et al., 2013; Howley et al., 2014) or kinetic impactors 3 (Asphaug et al., 1998; Holsapple and Housen, 2012; Jutzi and Michel, 2014) . Among the 4 range of concepts for asteroid threat mitigation, these two methods are considered to be the pacts for large asteroids or those detected with little warning time (Dearborn and Miller, 8 2014) , under conditions where a kinetic impactor will be e↵ective, it is the preferred strategy , 2007) , providing the first demonstration of kinetic-impact technology on a small body.
16
While the large size of Tempel 1 precluded a measurement of the body's change in velocity,
17
future asteroid-defense-focused missions will aim to directly measure the momentum transfer 18 imparted by kinetic impactors. In particular, the AIDA mission, a joint ESA and NASA
19
venture, seeks to provide the first quantitative test of asteroid deflection, using the DART 20 spacecraft to impact the secondary of asteroid Didymos .
21
A spacecraft impacting in line with an asteroid's center of mass will transfer all of its 
where denotes the multiplication factor applied to the impactor's momentum by crater 27 ejecta. The value of is one of the primary uncertainties associated with the use of kinetic 28 impactors. It is known to be dependent on both target material properties and impactor 29 velocity (Asphaug et al., 1998; Holsapple and Housen, 2012; Jutzi and Michel, 2014; Stickle 30 et al., 2015) ; thus, may vary substantially between di↵erent deflection scenarios. Impacts 31 occurring o↵-axis from the asteroid's center of mass present further complications, as the 32 ejecta flow field is a↵ected by impact angle and the body's rotational state will be altered.
33
The AIDA mission will provide a critical first measurement of for an actual asteroid-34 deflection event.
35
There is a great diversity of near-Earth asteroids which may threaten Earth in the future.
36
Numerical study of kinetic-impact deflection -including variability in details such as com- 
46
Prior numerical studies of kinetic-impact deflection have focused on planar target ge-ometries (Jutzi and Michel, 2014) , or a limited number of cases to simulate the relatively 48 low-speed (⇠6 km/s) AIDA mission impact . Both of these studies 49 used modest impactor masses (300-400 kg), similar to the planned mass to be delivered by 50 the DART impactor during the AIDA impact event. Additionally, Asphaug et al. (1998) (Monaghan, 1992) , are particularly well suited to the problem, as 68 mesh entanglement is avoided and tracking ejected mass through large displacements across 69 the problem domain presents fewer complications than many grid-based methods. SPH codes 70 have been used extensively to model impacts at asteroids (see Michel et al. 2015; Asphaug 71 et al. 2015; Jutzi et al. 2015 for reviews of prior work), with Jutzi and Michel (2014) recently 72 applying the method directly to artificial impacts for planetary-defense purposes.
asteroid shape is presented in Scheeres et al. (2015) . These results are further supported by
Spheral calculations using radar-derived shape models, which are briefly discussed in Section 112 3.5 and will be presented in detail in a forthcoming paper. (Tillotson, 1962) , ANEOS (Thompson and 116 Lauson, 1972; Melosh, 2007) , and Livermore Equation of State (LEOS) tables (Fritsch, 2011) .
117
While asteroids are not comprised of pure SiO 2 , this material can be described by a relatively 118 well-constrained equation of state (Melosh, 2007; Kraus et al., 2012) voids between boulders and rubble-pile fragments), or some combination of the two (Britt 128 and Consolmagno, 2000; Britt et al., 2002; Lindsay et al., 2015) . Here we focus on microp-129 orosity; investigating the e↵ects of macroporous structures is reserved for future calculations.
130
Spheral uses a strain-based approach, defined in Wünnemann et al. (2006) , to include aster-131 oid microporosity. The strain-based porosity method, termed the ✏ ↵ model, contains an 132 elastic regime, an exponential-compaction regime, and a power-law compaction regime; only 133 the initial porosity , elastic-plastic transition strain ✏ e , power law transition strain ✏ X , and 134 exponential compaction rate  need to be defined (Wünnemann et al., 2006) . Values used 135 for these parameters are listed in Table 1 .
136
Asteroid strength was included using either a von Mises yield criterion (constant strength)
137
or a pressure-dependent model for strength:
where Y 0 is shear strength at zero pressure (cohesion), µ i is the coe cient of internal friction, and Y M is the von Mises plastic limit of the material (Lundborg, 1968; Collins et al., 2004) .
140
Recent work highlights the importance of including pressure-dependent constitutive models
141
(i.e., friction) when calculating the outcomes of asteroid collisions (Jutzi, 2015) GPa was assumed (Collins et al., 2004) . A value of µ i = 1.2, consistent with the 50 angle 151 of internal friction determined for lunar soil samples (Mitchell et al., 1972) representation of flaw-activation strains, initially described by Grady and Kipp (1980) and 173 later applied to SPH calculations by Asphaug (1994, 1995) . These (and subse- with 40% porosity). The time evolution of this momentum is followed until the impulse 186 converges (typically, 0.1-0.5 s after impact). For the asteroid sizes considered here (50-100 187 m), kinetic energy lost to material that is escaping from the asteroid's gravity is negligible. Table 2 . (Tillotson, 1962) , LEOS (Fritsch, 2011) , and ANEOS (Thompson and Lauson, 1972; Melosh, 2007 way (Thompson and Lauson, 1972; Benz et al., 1989; Melosh, 2007) produced a slightly larger value than the pressure-dependent strength model; the latter is considered more accurate and used in the majority of the simulations. Data from runs 5-13 (Table 2) .
then decreases more gradually with increasing microporosity. Porosity e↵ects are more subtle 249 for the stronger material (Y 0 = 100 MPa).
250
However, asteroid porosity also reduces total target mass for a fixed-size asteroid, lowering 251 the momentum necessary to achieve a desired change in velocity. Prior to a deflection mission, 252 a likely scenario may include information on an asteroid's surface composition and diameter 253 from remote sensing data but little or no direct information on mass or bulk density. In this 254 situation, the uncertainty in asteroid density/porosity will result in two competing e↵ects:
255 larger porosities will reduce but a corresponding lower asteroid mass will also lead to a 256 larger v for a given momentum impulse. helpful for achieving larger deflection velocities. In the case shown, the impacts are near the 259 disruption limit of a 100-m asteroid, so that more significant porosity also results in deflection 260 velocities nearer to the asteroid's escape speed. While porosity will help reduce the risk of 261 disruption through attenuation of the impact-generated shock wave, when the required v 262 is near to an asteroid's escape speed, another mitigation method may be required.
263
The risk of disruption can be assessed by tracking the post-impact center-of-mass velocity, high (100 MPa) cohesion. Asteroid escape speed is plotted for reference. As porosity increases, total target mass decreases, producing larger deflection velocities for a given momentum impulse. This e↵ect dominates over the decrease in with increasing porosity (Fig. 4) , causing more porous asteroids to receive larger changes in velocity.
impact. Pre-impact spin periods of 100 seconds and 2.5 hours were used to assess rotational e↵ects 272 on both momentum delivery and disruption risk. These spin rates correspond to some of the 273 fastest known rotators (P = 100 s) and to rotators just above the 2.2 hour "spin limit" for a 274 cohesionless gravitational aggregate (Statler et al., 2013; Pravec and Harris, 2000) . Impact 275 locations were placed at the equator, to maximize rotational e↵ects on ejecta velocities. In 276 both cases, rotation did not significantly a↵ect the final value calculated for the asteroids.
277
Results for the time evolution of for the P = 100 s asteroids are plotted in Figure 7 . In both 278 the strengthless and with-strength cases, the di↵erence in calculated values were < 2%. (Table 2) .
increased by only 0.16% (run numbers 27 and 28 in Table 2 ). As expected (and documented 281 in Section 3.2), strength reduces the e ciency of momentum transfer for spinning and non-282 spinning asteroids. In order to search for maximal rotation-related perturbations, relatively 283 low impact velocities (v i = 5 km/s) were used, so that the time scale of crater formation was 284 nearer to the timescale of rotation.
285
In contrast, the risk of disruption is found to be a↵ected by pre-impact rotation. 
289
Material that is not part of the crater ejecta curtain but is mobilized above escape speed (Table 2) .
will escape (apart from the desirable escape of material within the ejecta curtain), relative to 293 the asteroid's center-of-mass velocity, is found to be 0.029 for the rotating case, a significant 294 increase from the 0.007 found in the non-rotating example. In situations where the required 295 v corresponds to impact conditions that approach an asteroid's disruption threshold, this 296 enhanced disruption risk warrants extra caution, particularly for fast-rotating asteroids. 
Shape

298
As an investigation into the e↵ects of local asteroid topography on delivered momentum 299 impulse, simulated impacts were carried out into asteroid Golevka, using a radar-derived 
Non-rotating
Rotating P = 2.5 hrs Figure 8 : Rotational e↵ects on the disruption risk to asteroids: top (a) depicts a non-rotating asteroid, while bottom (b) shows an asteroid rotating with a period of 2.5 hours. Blue material is below asteroid escape speed. The green regions along the equator of the rotating case represent asteroid material that has been unfavorably dislodged by the impact: it is not part of the crater ejecta curtain yet has been mobilized above escape speed. The fraction of unfavorably dislodged material is 2.9% for the rotating case, significantly more than the 0.7% calculated for the non-rotating case. Results from runs 29-30 (Table 2) .
modeling an entire 500-m asteroid is computationally expensive, so the problem domain was 305 confined to a region extending 80 meters from the chosen impact site.
306
The extent of damage produced by a 10 km/s impact into asteroid Golevka (modeled 307 as 20% porous SiO 2 ) is shown in Figure 9 . While the impactor collides along one of the 308 asteroid's principal axes, the final direction of push is not through the asteroid's center of 
Velocity Scaling
315
While a nominal impact velocity of 10 km/s was employed for most simulations in this 316 study, we investigated the velocity scaling for momentum transfer, for comparison with ana-317 lytical models and available experimental data (Holsapple and Housen, 2012) . Experiments 318 are necessarily limited to smaller impact sizes and lower velocity regimes (< 6 km/s). Nu-319 merical modeling allows the full range of likely encounter velocities to be investigated at the 320 impact-size regime of interest for asteroid deflection.
321
Based upon point-source scaling relations, the velocity scaling for the momentum of 322 escaping ejecta, P , relative to impactor momentum, mU , should follow a power law:
where µ is the velocity-scaling exponent of the impact coupling parameter from point-source 324 solutions (Holsapple and Schmidt, 1987; Holsapple and Housen, 2012) . The value of µ is 325 material dependent and may vary between the limits imposed by pure momentum scaling
326
(µ = 1/3) and pure energy scaling (µ = 2/3). Experiments using geological materials find 327 that µ generally ranges from 0.35 to 0.55 (Housen and Holsapple, 2011) . (Housen and Holsapple, 2011) . Results from runs 6, 31-35 (Table 2) .
Results from impact velocities ranging from 1 km/s to 30 km/s are plotted in Figure 10 . of µ for sand and competent rock (Holsapple, 1993; Housen and Holsapple, 2011) . Although 332 prior numerical study by Jutzi and Michel (2014) found impacts 5-15 km/s to be described 333 by µ = 0.62, closer to pure energy scaling, this di↵erence is partly attributed to the higher 334 value of cohesion used in that study, Y 0 = 100 MPa, representative of relatively strong rock.
335
The weaker material used to derive µ in the present work more closely approximates the 336 idealized, "perfectly porous" case described in Holsapple and Schmidt (1987) , for which µ is 
Numerical Resolution
341
For under-resolved simulations, as numerical resolution increases, the velocity change im-342 parted to an asteroid by a kinetic impact decreases (Owen, 2014) and the extent of damaged 343 target material also decreases . Simulations at a range of resolutions are errors in attributed to resolution e↵ects are noted in Table 2 . 
362
Porosity is well known to dampen momentum transfer by impacts, both from exper-363 imental work (Holsapple and Housen, 2012) and numerical study (Asphaug et al., 1998; 364 Jutzi and Michel, 2014) . The present work has explored the trends associated with in-365 creasing porosity, under varied assumptions about the cohesion of asteroid-target material. As expected, decreases with increasing porosity (Fig. 4) . More interestingly, deflection 367 velocities for increasingly porous asteroids are found to be greater, due to decreased aster-368 oid mass for fixed asteroid size (Fig. 5) . Additionally, even moderate porosity is found to 369 be helpful for preventing unintentional disruption of an asteroid (Fig. 6) . Assessment of 370 porosity e↵ects was limited to the assumption of microporosity, using a strain-based ✏ ↵ 371 model (Wünnemann et al., 2006) ; previous deflection calculations by Jutzi and Michel (2014) 372 used the P ↵ porosity model (Herrmann, 1969) . Ongoing development of microporosity 373 models will enable future comparisons between approaches that account for the compaction 374 of porous geological materials in di↵erent ways. For example, the microporosity model impact deflection for asteroids with void space distributed using either a combination of 385 micro-and macro-porosity, or only microporosity, has so far found minimal di↵erence be-386 tween the two scenarios (Jutzi and Michel, 2014) . However, the e↵ects of structural inho- be explored in detail in future calculations.
396
Rotation rates among the population of smaller asteroids (D < 150 m) can be particularly 397 fast. During the past two decades, the number of known asteroids that rotate at periods less 398 than ⇠ 2.2 hrs, has significantly increased (Harris, 1996; Pravec and Harris, 2000; Statler 399 et al., 2013) . Such spin rates indicate that some amount of cohesion is necessary to prevent 400 disaggregation, although the amount of cohesion required may be small (⇠ 0.1 -100 kPa) 401 in many cases (Holsapple, 2007; Rozitis et al., 2014 fast-rotating (Statler et al., 2013) . Since smaller asteroids are least well-characterized by 405 near-Earth asteroid surveys (Harris and D'Abramo, 2015) , future detections of potentially 406 hazardous asteroids will likely include greater numbers of small and fast-rotating bodies.
407
As a result, asteroid-mitigation measures should account for rotational e↵ects on aster- (Dearborn and Miller, 2014) .
420
Rotation can also a↵ect the impact point of a kinetic-deflection mission and, consequently, of shape in controlling the momentum vector of impact ejecta, while briefly highlighted here,
427
will be described more fully in another paper, including detailed comparisons to the analytic 428 model of Scheeres et al. (2015) . ing the delivered v as ejecta momentum is directed downrange (Anderson et al., 2003, 435 2004). Furthermore, o↵-axis impacts introduce perturbations to the asteroid's spin state. A 436 significant percentage (⇠9%) of near-Earth asteroids can be described as contact binaries 437 (Benner et al., 2006) , while many more exhibit elongated geometries. In these cases, it may 438 be particularly important to account for impact targeting variability -for instance, shock 439 wave interaction with the narrow, low-cohesion "neck" of a contact binary has been shown to a↵ect both the final v and the disruption of the impacted lobe (Asphaug et al., 1998 consideration for kinetic deflection mission design.
506
The results described here (1) highlight the importance of continued research to char- 
